Abstract-This paper presents two different variable-speed control strategies to obtain the maximum power from wind turbines (WT). The two control strategies are composed by three regulators, which may be based on linear or nonlinear controllers. The first control strategy is composed of three standard proportional-integral (PI) regulators. The PI controllers are tuned for a specific operation mode. However, since the system is nonlinear, for different operating conditions, the values of the PI parameters may not be optimal. The second control approach includes a nonlinear (fuzzy) controller to compensate for the nonlinearity of the WT, to achieve improved speed performance under different operating points. The proposed control strategy uses a fuzzy controller and two standard PIs. The results show that in most cases the fuzzy controller obtains superior performance to that of the standard PI-based solution.
I. INTRODUCTION
Nowadays, the use of the variable speed wind turbines is becoming more and more common for several reasons such as: better capture of wind energy, reduction of mechanical stress, and acoustic noise reduction from blades movement. Fig. 1 shows one type of variable speed WT system based on a permanent-magnet synchronous generator (PMSG). This structure makes use of two back-to-back-connected power converters [1] - [5] . In this configuration, one converter controls the speed of the WT, whilst the other one takes care of shaping the currents injected into the electrical grid. In this set-up, the active and reactive power can be controlled independently.
Using a PMSG: very high torque can be achieved at low speeds; no significant losses are generated in the rotor; lower operational noise is achieved; and external excitation current is not needed [6] - [8] . For all these reasons, it is expected that the PMSG will be extensively used in the future. This paper is devoted to the study of the variable speed control of the PMSG in order to improve its performance in WT systems.
In this work, Field-Oriented Control (FOC) [9] , [10] of the PMSG is implemented to achieve variable speed. Two types of controllers have been tested for the outer speed loop; a linear and a nonlinear controller.
In a WT system, the electrical system can be assumed to behave in a linear way. However, due to the aerodynamics, the mechanical system behaves in a nonlinear way; hence, the complete WT system can globally be considered to be nonlinear.
To improve the performance of the WT under varying operating conditions, a nonlinear controller based on fuzzy techniques is proposed in this work. The overall system performance is compared with linear control based on standard PI regulators.
II. WT MODELING The mechanical power (P T ), can be given by the following equation:
where ρ is the air density (Kg/m 3 ) which normally takes values in the range [1.22,1.3] , A is the area swept by the turbine blades (m 2 ), and v wind is the wind speed (m/s). The coefficient C p relates the kinetic wind energy to the mechanical power. This coefficient depends on two parameters; β which is the blade pitch angle, and λ which is the tip speed ratio defined as follows:
where Ω is the angular shaft speed (rad/s) and R is the blade radius (m).
The power coefficient C p (λ,β) is nonlinear and depends on the blades aerodynamic design and operating conditions. For this reason, it is difficult to model. Consequently, a generic equation is normally used for the model C p (λ,β) [11] - [13] :
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The coefficients c 1 to c 6 depend on the blades shape and its aerodynamic performance.
Equations (2) and (3) are used to implement the wind turbine model. The mechanical torque (T m ) is given by: [13] . Operation at maximum power occurs at β=0º and λ=8.1. This value of tip-speed ratio, λ=λ opt =8.1 (Fig.  2) , yields a power coefficient of C pmax =0.48 is achieved for a value of Thus, the optimal angular speed, from (2) , and the maximum mechanical power, from (1), are given by: 
For maximum mechanical power operation (P Tmax ), the pitch angle is kept constant at β=0º and the optimal speed value (Ω * =Ω opt ) is provided as reference to the controller. Variable speed operation of the WT takes place for a range of wind speeds starting from a lower limit (v min ) up to higher wind speeds. For wind speeds below the minimum value, the wind turbine does not operate since the low wind energy present is not enough to compensate for losses and operation costs. On the other hand, at higher wind speeds, the WT control is based solely on pitch angle control.
In this work, the control strategy is focused on variable speed and fixed pitch angle [14] as is commonly used in commercial WT operating under low and medium wind speeds.
III. PMSG MODELING
The parameters of the WT system and the PMSG used in this work are shown in Table I . This PMSM is modeled in the rotating d-q reference frame as follows: 
where p are the pair of poles. The rotor dynamics is described by:
where B is the rotational friction (kg·m 2 /s); J is the rotational inertia (kg·m 2 ); and ω r the rotational speed (rad/s). The PMSM FOC diagram shown in Fig. 3 has two control loops:
1. An external mechanical loop, which is responsible for the speed regulation, and 2. two inner current loops, which adjust the generator currents (i d and i q ).
The optimal speed calculated according to the point of operation is provided as a reference to the external speed loop ( The current loops are not critical because their dynamic is determined by the system's electrical characteristics which is relatively fast compared to mechanical system's dynamics. Therefore, standard PI controllers can be used to regulate the PMSM's current. However, the external speed loop's dynamic is slow and, additionally, the mechanical system is nonlinear. For these reasons, this is a critical control loop. Two types of regulators are tested for the external loop; a standard PI and a Fuzzy controller. The electrical and mechanical plants can be simplified to first-order transfer functions, as follows:
The PI controller is mathematically represented by:
The closed-loop transfer functions are as follows: (16) In order to improve the control bandwidth, a pre-filter G f (s) can be used for all the control loops. This pre-filter is designed to cancel out the zero of the closed-loop transfer function by the following expression:
The parameters k p and k i of the PI controllers are found by defining a rise time (T r ) and damping factor (D f ). In the case of the speed loop, the rise time is around one second and a damping factor of 0.707 is selected. Fig. 4 shows the different speed step responses with and without a pre-filter. These results show a marked improvement when using the pre-filter. Step response with and without pre-filter. IV. FUZZY-PI'S CONTROLLER In order to improve the outer speed loop response, under all operating conditions, a fuzzy logic controller was designed for this loop. As discussed, standard PI controllers are suitable for the current controllers and were implemented for these loops.
The PID-Fuzzy control structure [15] - [17] uses two input variables and provides one output variable. The input variables are the speed error and its the derivative, like in a conventional PD controller. As the output signal goes through an integrator, the resulting characteristic is similar to a PID controller.
The PID-Fuzzy is suited to the zero-order Takagi-Sugeno fuzzy architecture [17] , [18] , which is biunivocally described by a set of IF-THEN rules such as:
= then ~ is and ... and ~ is if 1 1 , (18) where n x x ,... The rule consequents (part THEN of the rule) are defined as singletons (i.e. u i =C i , where C i is the degree of change of the controller parameters), shown in Table II . The inference result of each rule consists of the logic-product of factor ω i and C i . The factor ω i is obtained by applying the min operation on the μ e (e o ) and μce(ce o ) as follows:
in which the variables o e and o ce are the singleton inputs, where e is the speed error (noted as e= ω r * −ω r ) and ce is its derivative.
Finally, the output of the fuzzy controller u is given by the method of center of gravity, as follows:
where N is the maximum number of effective rules. In this case, N=4. The integral action restores the value of the fuzzy controller coefficient u i , in accordance with:
(21) Fig. 6 shows the three dimensional control surface (two inputs and one output) resulting from this controller. It can be observed that the control actuation is smooth for small speed errors and large for large error values. Consequently, this control strategy will provide some advantages compared to the standard PI controller because the control actuation is adjusted to the situation (nonlinear controller).
The main objective of this surface is to apply different control actions to obtain a desirable performance. The control surface proposed in this work was defined to perform well under different disturbances and wind speeds.
V. SIMULATION RESULTS The complete WT system was simulated by Simulink using the parameters given in Table I . Fig. 7 shows speed control of the WT system for both types of controllers tested.
The figure compares the transient performance of the PIbased controller and the proposed Fuzzy controller. The simulations show that for small changes in speed demand, similar responses are obtained for both types of controllers. On the other hand, as expected, for large speed reference changes, the fuzzy controller obtains a better response (due to the control surface of Fig. 6 used to tune the fuzzy controller to respond rapidly to large speed errors). Fig. 8 and Fig. 9 show several waveforms of the simulation wind energy conversion system (WECS) using a wind model development by RISØ National Laboratory [19] . For these simulations, a low average wind speed with a turbulence intensity of 10%, and sample time of 0.05 s was assumed. Fig. 8 and 9 show the variation of the performance coefficient (C p ), the optimal and real rotor speeds (ω * r and ω r , respectively), and the mechanical torque (T m ). In Fig. 8 , a high torque disturbance has been added to the mechanical torque with a standard PI speed controller. This disturbance produces a high overshoot in the speed and a decrease of the C p coefficient. Furthermore, this coefficient also decreases due to rotational turbulences. Unlike Fig. 8 , these unwanted responses are not observed in Fig. 9 operating under the fuzzy controller. VI. CONCLUSION In this work, two control strategies for the control of a PMSG for wind energy have been compared and investigated. The models implemented in the simulations include the wind turbine aerodynamics, the PMSG and its FOC control. Variable-speed control has been implemented and compared with two different speed loop control strategies. For the first strategy, standard PI controllers were implemented and the use of pre-filters in these controllers has been analyzed and evaluated.
The second strategy implemented made use of a combination of PI controllers for the inner current loops and a fuzzy controller for the outer speed loop. Simulation results for both control strategies under different wind conditions have been tested and compared. As expected, the fuzzy controller shows better overall operation under varying wind conditions. Moreover, the results show that the fuzzy controller achieved better transient responses under both; large and small disturbances.
The results show that the proposed control structure based on two PI regulators and a fuzzy controller provides an optimal control solution for PMSG wind turbines.
